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Introduction

Antisense oligonucleotides (ONs) have proven to be power-
ful tools to understand biological processes and more recently 
as potential therapeutic agents.1-4 However, the use of ONs in 
vivo has been hampered by their poor cellular uptake. For experi-
ments in cell culture, ONs have generally been delivered by 
addition of transfection agents, such as lipid-based systems (e.g., 
Lipofectamine 2000) or by electroporation, but these methods are 
not very suitable for in vivo or therapeutic applications. Recently 
ON gapmers containing Locked Nucleic Acids (LNA) flanks and 
DNA cores and a phosphorothioate (PS) backbone were shown 
to be able to be delivered into cells without the use of transfection 
agents.5 In that study, cells were incubated with low-micromolar 
concentrations of ON for 6–10 days in continuous culture and 
the phenomenon of unaided delivery was termed ‘gymnosis’ or 
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‘gymnotic delivery’. Gymnotic delivery and antisense activity of 
PS/DNA ONs, lipid-conjugated ON phosphoramidates or thio-
phosphoramidates had been reported previously involving incu-
bation of ONs in the low-micromolar concentration range with 
various cell types for several days in continuous culture.6-9

Stein and colleagues showed also that gene silencing of Bcl-2 
or Apo-B in melanoma cells by gymnotic delivery of LNA/
DNA PS gapmers correlated better with in vivo silencing than 
ONs delivered by Lipofectamine 2000.5 A similar observation 
was made by Straarup et al. for short LNA/DNA PS gapmers.10 
Furthermore, Zhang et al. showed that gymnotic delivery of 
LNA/DNA PS gapmer ONs could be used in a wide range of 
tumour cell lines for gene downregulation.11 Very recently, Koller 
et al. showed that micromolar quantities of gapmer ONs con-
taining 2'-O-methoxyethyl (MOE) flanks with DNA core and 
PS linkages could also be delivered without transfection agent 
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ONs thus delivered were found to be capable of sustained anti-
miR activity in cells for at least 4 days, whilst PO ONs showed 
a peak in activity 3 days after ON incubation, after which activ-
ity decreased. The most potent anti-miR was the LNA/OMe PS 
ON, an anti-miR chemistry that has not been considered as yet 
sufficiently for therapeutic development.

Results

We and others have shown that quantification of miRNA lev-
els after anti-miR treatment by Real Time quantitative PCR 
(RT-qPCR) or by use of northern blots can be subject to techni-
cal artifacts due to the anti-miR binding strongly to the miRNA 
and thus preventing its detection.15,25,40 Such strongly binding 
anti-miRs sequester the miRNA without inducing degradation of 
the miRNA.25,40 Therefore, evaluation of anti-miR efficiency by 
quantification of target miRNA upon anti-miR treatment is not 
a recommended approach. Since target mRNA degradation is a 
common outcome for miRNA-mediated downregulation of gene 
expression,41,42 one possible way of studying anti-miR activity is 
by measurement of mRNA levels of well validated miRNA target 
mRNAs by RT-qPCR following anti-miR treatment. However, 
this technique is not sensitive enough to distinguish adequately 
dose-dependent anti-miR effects, since the corresponding effects 
on upregulation of mRNA targets are frequently small. We have 
therefore used a very sensitive miR-122 dual-luciferase reporter 
assay for comparison of the effectiveness of anti-miRs of differ-
ent chemistries in unaided cell delivery, an approach initially 
reported by Vermeulen et al.43 and often now used as a tool for 
screening of anti-miRs.26,30,32,33,37,38

Briefly, the reporter plasmid contains an exactly complemen-
tary miR-122 recognition site cloned into the 3'-untranslated 
region (UTR) of a Renilla luciferase (RLuc) gene, to bring Rluc 
under miR-122 control and a non-miR-122 regulated Firefly 
Luciferase gene (FLuc) that serves as an internal reference. The 
plasmid was introduced into miR-122 positive Huh7 cells, such 
that Rluc expression is repressed until anti-miR is added to the 
cells, whereupon an increase in RLuc expression signifies anti-
miR induced derepression. Anti-miR activity is assessed by mea-
surement of the RLuc/FLuc expression ratio, normalized to that 
of control cells (Relative RLuc/FLuc). Huh7 human hepatoma 
cells were chosen because they have been shown to express large 
quantities of miR-122.20,44

We chose to study the following ONs: a 23mer cationic PNA 
(Cys-K-PNA-K

3
) which we have already shown displays anti-

miR activity via gymnotic delivery.15 31mer OMe PO (and its 
scrambled version 31mer OMe SCR PO), 23mer OMe PS, 23mer 
LNA/OMe PO (43% LNA content), 23mer LNA/OMe PS (17% 
LNA content) and a commercial 23mer LNA/DNA PO miR-
122 knockdown probe (Exiqon, unknown LNA content) anti-
miR (Table 1). The chemical structures of the nucleoside and 
phosphorothioate analogues are shown in Figure 1. Most of these 
anti-miRs have been previously validated as miR-122 inhibi-
tors.15,20 The anti-miR ONs OMe PO (but not its SCR PO ver-
sion) (Fig. 2A), LNA/DNA PO and LNA/OMe PO ONs (Fig. 
2B) and OMe PS and LNA/OMe PS (Fig. 2C) lipofected at 50, 

and showed RNase-H-dependent antisense activity in MHT 
liver cells and primary hepatocytes, in this case over a 24–36 h 
timescale.12 Therefore, it is becoming clear that antisense activ-
ity by gymnotic delivery may be a feature of a number of ON 
chemistries.

We have shown previously that cationic Peptide Nucleic Acid 
(PNA) ONs can be delivered and are functionally active as ste-
ric blocking antisense agents without the use of transfection 
agents in cells. For inhibition or redirection of nuclear splicing, 
a cationic cell penetrating peptide is required to be covalently 
conjugated to the PNA,13,14 whereas for targeting microRNAs 
we found that only a few Lys residues attached to the PNA are 
necessary for microRNA inhibition both in cell culture15 and in 
vivo.16

MicroRNAs (miRNAs) are small non-coding RNAs that regu-
late gene expression post-transcriptionally and which are involved 
in complex cellular processes and diseases.17,18 MicroRNA-122 
(miR-122) is a 23 nucleotide long, liver-specific miRNA involved 
in the metabolism of lipids19 and required for hepatitis C virus 
infection20-22 and is thus an attractive therapeutic target for 
miRNA inhibition by steric blocking anti-miRs. In addition to 
Cys-K-PNA-K

3
 ONs used by us,15 several other anti-miR ON 

chemistries have been proposed as anti-miR122 agents, including 
2'-O-methyl (OMe),20,23-27 antagomiRs (OMe-cholesterol conju-
gated partially or fully modified with PS linkages28,29), 2'-fluoro-
2'-deoxy (2'F), MOE and 2'F/MOE mixmers,19,25 tiny all LNA 
ONs,30 LNA in mixmers with DNA,31-34 and LNA mixmers with 
OMe15 or with MOE.35 So far only an LNA/DNA anti-miR with 
PS linkages has moved into clinical trials as reported by Santaris 
Pharma in 2010 (Santaris Pharma News Release 23 September 
2010; www.santaris.com).

As far as we are aware, in all reports of LNA/DNA mixmers 
targeting miRNAs,30-34,36-38 as well as in the very few studies that 
have compared side-by-side the potency of anti-miRs of different 
chemistries,15,25,35,37,39 cell culture experiments were carried out 
using transfection agents. Here we have used a miR-122 sensor 
dual-luciferase assay to show that PNA, OMe and LNA/OMe 
containing either phosphodiester (PO) or phosphorothioate (PS) 
linkages, but not an LNA/DNA PO anti-miR, were able to be 
internalized in cells by gymnotic delivery and be effective as miR-
122 inhibitors at sub-micromolar ON concentrations in liver 
cells with only 4 hour ON incubation times. PNA and the PS 

Table 1. Oligonucleotides used in this study

Backbone 
Chemistry

Sequence Length

cys-K-PNA-K3

(N-term)-cys-K-AcA AAc Acc ATT GTc 
AcA cTc cA-KKK-(c-term)

23 mer

OMe PO aga cac aaa cac cau ugu cac acu cca cag c 31 mer

OMe Scr PO cac guu aaa acc aua cgc acu acg aaa ccc c 31 mer

OMe PS aca aac acc auu guc aca cuc ca 23 mer

LNA/OMe PO aca Aac acc Auu Guc aca cuc ca 23 mer

LNA/OMe PS aca aac acc auu guc aca cuc ca 23 mer

LNA/DNA PO* AcA AAc Acc ATT GTc AcA cTc cA 23 mer

*Unknown LNA content. Lower case = OMe; Underlined = LNA.
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Discussion

Previous reports have described gymnotic delivery at low-micro-
molar concentrations of ONs, usually with extended incubation 
periods, to achieve effective gapmer antisense ON activity in 
cells.5-9 However, only recently has gymnotic delivery started to be 
considered as a useful approach for screening of ONs as potential 
therapeutics, since data obtained by gymnotic delivery of ONs 
correlated much better with in vivo results as compared to ON 
cell delivery aided by transfection agents, such as Lipofectamine 
2000.5,10,11 Practically all the previous gymnotic delivery experi-
ments have focused on antisense targeting of mRNA, whereas 
unaided delivery of anti-miRs has not been studied, except for 
Lys-modified PNA ONs as previously reported by us.15,16,40

The data presented in Figure 3 show that in addition to Cys-
K-PNA-K

3
, OMe PO, OMe PS, LNA/OMe PO and LNA/OMe 

PS are also all capable of rapidly entering Huh7 liver cells with-
out the use of transfection agents and inhibiting miR-122 at sub-
micromolar ON concentrations over a sustained period. Several 
interesting observations can be made about the rank order of 
activity of the various ONs. First, the 23-mer LNA/OMe PO was 
more active than the OMe PO 31-mer with lipofection (Fig. 2). 
This is consistent with our previous finding that LNA/OMe PO 
was able to upregulate miR-122 target mRNAs when lipofected 
into Huh7 cells or primary rat hepatocytes, while the OMe PO 
anti-miR failed to upregulate such mRNAs in a dose-dependent 
manner,15 and is validation for the use of the dual-luciferase assay 
for screening of anti-miR activity. Interestingly, OMe PO and 
LNA/OMe PO ONs showed similar levels of activity when deliv-
ered in the absence of transfection agents (Fig. 3). The OMe PO 
ON is a 31-mer previously validated against miR-122.20 The 8 

100 and 200 nM into Huh7 cells are all 
able to inhibit miR-122 effectively and 
in a dose-dependent manner, as seen 
by Rluc/Fluc upregulation. Anti-miRs 
were lipofected for 4 hours (following 
the manufacturer’s protocol) and lucif-
erase expression was measured 48 hours 
after anti-miR lipofection.

We then examined the miR-122 
inhibitory activity of anti-miRs in 
the absence of transfection agents. 
Anti-miRs were incubated for only 4 
hours with Huh7 cells, after which 
the anti-miR containing media was 
removed, cells were washed and media 
was replaced by growing media (Full 
Media). Luciferase expression was mea-
sured after 48 hours, just as for the lipo-
fection experiments. Figure 3A shows 
dose-dependent miR-122 inhibition for 
Cys-K-PNA-K

3
, OMe PO (but not its 

SCR PO version), OMe PS, LNA/OMe 
PO and LNA/OMe PS anti-miR, whilst 
LNA/DNA PO anti-miR did not sig-
nificantly inhibit miR-122 at the sub-micromolar concentrations 
tested. It is interesting to note that OMe and LNA/OMe ONs 
with either PO or PS linkages are capable of miRNA inhibition 
in the absence of transfection agent, but that by far the most 
potent anti-miR was the LNA/OMe ON containing PS linkages. 
The PNA ON was the second most effective. Moreover, at least 
for miRNA targeting, there was no need for continuous incu-
bation of Huh7 cells with ONs for several days, as seems to be 
required for gymnotic activity of LNA gapmers against a mRNA 
target. We have found that activity of Cys-K-PNA-K

3
 reaches a 

plateau by 4 hours incubation time (Torres et al. manuscript in 
preparation).

Finally, we decided to determine the sustainability of the 
observed miR-122 inhibitory effects through unaided delivery. 
Thus, Huh7 cells were incubated with 500 nM anti-miRs for 4 
hours in the absence of transfection agents as before and luciferase 
expression was measured at 24, 48, 72 and 96 hours respectively 
after anti-miR incubation. Figure 3B shows that Cys-K-PNA-K

3
 

and all PS anti-miRs were able to sustain the miR-122 inhibi-
tory effect for at least 96 hours (4 days) whilst for PO anti-miRs 
(OMe PO and LNA/OMe PO) the anti-miR activity began to 
decline after day 3. By contrast, the LNA/DNA PO anti-miR did 
not show any significant activity during the 4 days. Since experi-
ments were carried out in 96-well plate high-throughput format, 
it was not possible to measure luciferase expression beyond 4 
days following anti-miR incubation because of high cell conflu-
ency. As in the case of Figure 3A, the extended incubation data 
in Figure 3B revealed that LNA/OMe PS and Cys-K-PNA-K

3
 

anti-miRs were the most potent chemistries of the ones tested in 
this study.

Figure 1. chemical structures of nucleoside analogues and nucleoside linkages used in this study. 
Base: Uracil (OMe only), Thymine (except OMe), Adenine, Guanine or cytosine (5-methyl-cytosine for 
LNA bases).
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additional residues beyond the normal 
23-mer anti-miR are complementary 
to the pre-miR122 sequence, as it was 
reported that a 23-mer was poorly 
active.45 Activity of both these all PO 
ONs, as measured by the RLuc/Fluc 
ratio, started to decline after 3 days of 
cell incubation, which can probably be 
explained by the known instability of 
phosphodiester linkages to nuclease 
degradation, whereas the PNA ON and 
ONs containing PS linkages continued 
to show an increased RLuc/Fluc ratio 
on day 4. Although when delivered 
in the absence of transfection agent, 
addition of LNA residues did not sig-
nificantly enhance activity over OMe 
in the PO context, by contrast signifi-
cantly increased anti-miR activity was 
obtained by addition of LNA residues 
to the OMe ON in the PS context (Fig. 
3).

Surprisingly, the commercially 
obtained LNA/DNA PO anti-miR-122 
knockdown probe failed to be internal-
ized and inhibit miR-122 by gymnotic 
delivery at the tested concentrations 
(Fig. 3), whereas it was functional 
when lipofected into cells, albeit with 
less potency than for the LNA/OMe 
PO ON (Fig. 2B). We have for several 
years advocated the use of mixmers 
of LNA and OMe as steric blocking 
agents,15,46-48 since the binding strength 
of OMe residues is higher than that 
of 2'-deoxynucleotides, because both 
OMe and LNA residues intrinsically 
adopt a C-3'-endo, ribose-like confor-
mation. Since the LNA content of the 
LNA/DNA PO ON is not revealed by 
the supplier, we cannot rule out the 
possibility that the increased potency 
is partly due to a significantly different 
LNA content between the two ONs, 
but it seems likely that the commercial 
LNA/DNA PO probe will have a simi-
lar LNA content to the LNA/OMe PO 
anti-miR (40% LNA). Therefore we 

Figure 2. Dose-dependent mir-122 
inhibition as seen by luciferase measure-
ments in huh7 cells 48 hours after lipofec-
tion at the indicated concentrations of 
(A) OMe PO and Scr OMe PO anti-mirs, 
(B) LNA/DNA PO and LNA/OMe PO anti-
mirs and (c) OMe PS and LNA/OMe PS 
anti-mirs.
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LNA/OMe PS anti-miR containing only ~15% LNA residues 
that are all located in the region complementary to the miR-122 
seed sequence (Table 1). When lipofected into cells, the LNA/
OMe PS anti-miR somewhat outperformed the LNA/OMe 
PO containing 40% LNA we previously reported (Fig. 2B and 
C). However, the dramatic enhancement in anti-miR activity 
obtained for the LNA/OMe PS ON over the LNA/OMe PO ON 
when delivered by gymnosis (Fig. 3) suggests that the presence 
of the PS linkages enhances productive cellular delivery leading 
to miRNA inhibition. Interestingly, as seen in Figures 2C and 
3A, the observed activity for the LNA/OMe PS ON reached 
saturation. It is unlikely that this is due to saturation of cellular 

believe that the increased potency of LNA/OMe PO over LNA/
DNA PO is mostly due to the presence of OMe residues.

The highest potency anti-miR was found to be the LNA/OMe 
PS ON. Whereas LNA/MOE PS anti-miRs have been described 
for cellular and in vivo use targeting miR-122,25,37 there is only 
one previous example of an LNA/OMe PS ON used as an anti-
miR, but only with delivery by transfection agent into cells.37 By 
contrast, LNA/DNA PS ONs targeting miRNAs are well estab-
lished and have indeed entered clinical trials (Santaris Pharma 
News Release 23 September 2010; www.santaris.com). Further, 
LNA/DNA PS gapmers were shown to be subject to gymnosis 
in mRNA targeting studies.5,10,11 In our study we have used an 

Figure 3. (A) Dose-dependent mir-122 inhibition as seen by luciferase measurements in huh7 cells 48 hours after gymnotic delivery of anti-mirs at 
the indicated concentrations. (B) Luciferase measurement in huh7 cells 24, 48, 72 or 96 hours after gymnotic delivery of anti-mirs at 500 nM concen-
tration.
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the absence of transfection agents. Our recent investigations into 
understanding the mechanisms of anti-miR uptake and miRNA 
targeting will be reported shortly which we hope will provide fur-
ther insight into improving anti-miR design (Torres et al. manu-
script in preparation).

Materials and Methods

Dual-luciferase miR-122 sensor plasmid. The procedure for 
plasmid construct is similar to that of Vermeulen et al.43 Insertion 
of a dsDNA fragment corresponding to perfect matches for hsa-
miR-122 was made in the 3'-UTR of Renilla luciferase between 
the XhoI and NotI restriction sites in the commercially avail-
able psiCHECK-2 vector (Promega, Cat Number C8021). The 
miR-122 dsDNA fragment was made up from the individual 
strands corresponding to mature miR-122 (miRBase version 14 
http://www.mirbase.org/; underlined on ‘miR-122 antisense’ 
oligonucleotide see below) and its perfect complement. In addi-
tion, the oligonucleotides contained necessary sequences for 
direct cloning into XhoI/NotI-digested psiCHECK-2 plasmid. 
Oligonucleotide sequences were as follows: miR-122 antisense 
5'-GGC CGC AGC TCG AGT GGA GTG TGA CAA TGG 
TGT TTG GGT CAT-3'; miR-122 sense 5'-TCG AAT GAC 
CCA AAC ACC ATT GTC ACA CTC CAC TCG AGC TGC-
3' and were obtained from Sigma. The identity of the construct 
was confirmed by sequencing before use.

Anti-miR ONs. Anti-miR sequences are indicated in Table 1. 
PNA anti-miR15 was synthesized as previously described in ref-
erence 16. OMe PO and SCR OMe PO20 were obtained from 
Dharmacon. LNA/OMe PO15 was synthesized as previously 
described in reference 50. miRCURY LNA/DNA PO miR-122 
knockdown probe was purchased from Exiqon (Cat No 118019-
00 hsa-miR-122a).

OMe PS and LNA/OMe PS were synthesized on an Applied 
Biosystems 394 automated DNA synthesizer using a modified 
version of the phosphoroamidite method.51 Immediately before 
use OMe phosphoramidites were dissolved at 0.1 M concentra-
tion in anhydrous acetonitrile (OMe), except 5-methyl-C LNA 
phosphoramidite (Exiqon, Cat Number EQ-0066) which was 
dissolved in 3:1 anhydrous acetonitrile/anhydrous THF one day 
before use and left to stand over molecular sieves. Phosphoramidites 
were coupled for 6 minutes (OMe) or 75 seconds (5-methyl-C 
LNA) with 0.25 M 5-(bis-3,5-trifluoromethylphenyl)-1H-tetra-
zole (Activator 42, Sigma-Aldrich, Cat Number L3300002-HH) 
as activator. ONs were sulfurized for 3 minutes with 0.2 M phen-
ylacetyl disulfide (Alfa Aesar, Cat Number L19792) in anhydrous 
acetonitrile containing 10% by volume of N-methylimidazole 
(Sigma-Aldrich, Cat Number 67560), prepared and left to stand 
for at least 12 hours before use. The terminal 5'-O-DMT group 
was left on the ONs for purification.

ONs were cleaved and deprotected with 28% aqueous ammo-
nia overnight. After evaporating to dryness ONs were re-dis-
solved in 0.5 ml 4:1 water/acetonitrile and purified by RP-HPLC 
on a Zorbax SB-C18 column, 9.4 x 250 mm, 5 μm particle size, 
(Agilent Technologies, Cat Number 880975-202) with 0.05 M 
triethylammonium bicarbonate (mobile phase A) and acetonitrile 

uptake, since similar saturation was observed for LNA/OMe PS 
delivered by lipofection. Although we did not correlate precisely 
anti-miR activity saturation in the dual-luciferase assay with the 
level of miRNA inhibition, our results indicate that most of the 
miR-122 is inhibited at the saturating concentrations tested. A 
significant amount of further work will be necessary to deter-
mine the optimum LNA content and placement within an OMe 
anti-miR sequence, as well as the ON length optimum, and also 
to compare in greater detail LNA/DNA PS and LNA/OMe PS 
mixmers, as well as possible mixmers with all three nucleoside 
types. However, the potent and long-lasting gymnotic anti-miR 
activity at sub-micromolar concentrations in cells suggests that 
LNA/OMe PS ONs should be given greater consideration for in 
vivo use.

Whilst long incubation times (days) with high amounts of 
ONs (low-micromolar concentrations) in continuous cell cul-
ture were necessary for gapmer antisense inhibition of mRNA 
by gymnotic delivery,5-12 here we showed rapid (only 4 hours) 
gymnotic delivery at sub-micromolar concentrations of Cys-K-
PNA-K

3
, OMe and LNA/OMe PO and PS ONs for miR-122 

targeting. Also anti-miR122 activity was sustained for at least 
4 days after cell incubation for many of the ONs. Zhang et al. 
showed that gymnotic delivery of LNA/DNA PS gapmers could 
be achieved in a wide range of tumour cell lines.11 We previ-
ously reported inhibition of miR-155 function in B-cells and in 
mice by PNA ONs in the absence of transfection agents.16 We 
have also found recently that at least for PNA ONs, gymnotic 
uptake does not extend only to Huh7 cells and B-cells but also 
to HEK293ET cells and H2K mdx mice-derived myoblasts and 
myotubes (Torres et al. manuscript in preparation). The mecha-
nisms of gymnotic cellular uptake and localization of ONs, such 
as the highly active Cys-K-PNA-K

3
 and LNA/OMe PS, and how 

such anti-miRs find and interact with their miRNA targets still 
remains to be explored.

Stein and colleagues showed that a 5'-FAM-labelled LNA/
DNA PS ON delivered by gymnosis was localized in the cyto-
sol together with GW/P-bodies (site for RNA silencing), while 
the same ON after lipofection showed bright fluorescence in the 
nucleus instead.5 By contrast, Zhang et al.11 correlated strong 
gapmer antisense target down-modulation with nuclear localiza-
tion following gymnosis of their FAM-labelled LNA/DNA PS 
ON, although at earlier time-points these ONs localized in the 
perinuclear space in the cytosol. Koller and colleagues failed to 
detect MOE/DNA PS gapmer ONs in P-Bodies after gymnotic 
delivery and instead the bulk of the ON was found in lysosomes 
after 24 hours.12 They also showed that uptake of MOE/DNA 
PS ON into MHT hepatocarcinoma derived liver cells seemed 
to be through a clathrin- and caveolae-independent but AP2M1-
dependent endocytotic mechanism.12 Since miRNAs have been 
found within the endosomal pathway49 a very likely possibility is 
that anti-miR ONs delivered by gymnosis are taken up by cells 
via a rapid endocytosis mechanism, travel through the whole 
endocytotic pathway, and are able at some point to encounter the 
miRNA within one or more of these endosomal compartments. 
This hypothesis may explain why such short ON incubation 
times (within 4 hours) are effective for miR-122 inhibition in 
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luciferase miR-122 sensor plasmid as before were washed twice 
with 150 μL PBS and incubated at 37°C/5% CO

2
 in 100 μL 

Opti-MEM (Invitrogen, Cat Number 31985-047) containing 
anti-miRs at the desired concentration. 4 hours after cell incuba-
tion with anti-miRs, cells were washed twice with 150 μL PBS 
and were grown in 150 μL Full Media until luciferase measure-
ments were carried out.

Luciferase measurements. For luciferase measurements, Full 
media was removed from the cells and replaced with 75 μL PBS 
at the desired time points (24, 48, 72 or 96 hours after anti-miR 
lipofection/incubation). Luciferase expression was measured 
using Dual-Glo Luciferase Assay System (Promega, Cat Number 
E2920) following the manufacturer’s protocol except that 
Luciferase substrate incubations were carried out for 10 minutes 
in the dark. Luminescence was measured for 5 seconds per well in 
an Orion Microplate Luminometer (Berthold Detection System, 
Pforzheim, Germany). All luciferase experiments were carried 
out in triplicates. An RLuc/FLuc ratio was obtained and the data 
was further normalized to cells containing only dual-luciferase 
miR-122 sensor plasmid and incubated with Opti-MEM in the 
absence of ONs (‘0 nM’ for Figs. 2 and 3A; ‘No ON’ for Fig. 
3B). Shown are average values and their standard deviations.
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(mobile phase B) at a flow rate of 1.5 mL/min and the follow-
ing gradient: 0–50 minutes, 0–30% B, 50–60 minutes, 30–50% 
B, 60–65 minutes, 50–100% B. The concentrated residues were 
then treated with 80% acetic acid for 60 minutes to remove the 
terminal 5'-O-DMT protecting group. Following evaporation of 
the deprotection solutions, the ONs were re-dissolved in 0.5 mL 
0.05 M triethylammonium bicarbonate, re-applied to the HPLC 
column, and purified using the same mobile phase gradients.

Cell culture, transfections and gymnotic delivery of 
anti-miRs. Huh7 cells were maintained at 37°C/5% CO

2
 in 

Full Media: Dulbecco’s Modified Eagle Medium (DMEM 
GlutaMAX, 4.5 g/L D-glucose, pyruvate; Invitrogen Cat 
Number 31966-021) containing 10% Fetal Bovine Serum (FBS, 
Perbio/Thermo Scientific, Cat Number CH30160.03) and peni-
cillin/streptomycin antibiotics. 24 hours before transfections, 2 
x 104 cells in 100 μL of DMEM/10% FBS (no antibiotics) per 
well were plated in 96-well white plates, clear bottom (Corning 
Costar, Cat Number 3610). The next day, cells were lipofected 
with 100 ng dual-luciferase miR-122 sensor plasmid per well 
using Lipofectamine 2000 (Invitrogen, Cat Number 11668-019) 
following the manufacturer’s protocol in a final transfection vol-
ume of 150 μL (100 μL DMEM/10% FBS plus 50 μL plasmid/
lipid reaction). Lipofection was carried out overnight. For anti-
miR lipofection, the following day cells were washed once with 
150 μL PBS and lipofected with anti-miRs at the desired concen-
tration following the manufacturer’s protocol in a final lipofec-
tion volume of 150 μL (100 μL DMEM/10% FBS plus 50 μL 
anti-miR/lipid reaction). 4 hours later, cells were washed once 
with 150 μL PBS and were left growing in 150 μL Full Media 
for 48 hours before luciferase measurements. For gymnotic deliv-
ery of anti-miRs, 96-well plates containing cells lipofected with 
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